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for	observation	processes	 is	well	 recognized	 in	ecology,	and	many	
factors	 are	 known	 to	 impact	 these	 processes	 including	 observer	
error	 (Nichols,	 Hines,	 Sauer,	 Fallon,	 &	 Heglund,	 2000),	 environ-
mental	 conditions	 (Simons,	Alldredge,	Pollock,	&	Wettroth,	 2007),	









processes	 (Bohmann	 et	al.,	 2014;	 Hunter	 et	al.,	 2015;	 McClintock	
et	al.,	 2010;	Spear,	Groves,	Williams,	&	Waits,	2015).	Because	 the	
sources	of	error	for	genetic	methods	span	multiple	levels	of	biolog-






tory	disturbance,	or	 time	of	day	or	 season	 that	may	cause	behav-



















Detection	 of	 a	 target	 species’	 eDNA	 from	 water	 bodies	 is	
emerging	 as	 a	 potentially	 valuable	 method	 to	 infer	 the	 distribu-
tion	of	species	and	pathogens	(Bohmann	et	al.,	2014;	Hunter	et	al.,	
2015;	Takahara,	Minamoto,	&	Doi,	2013).	Efforts	have	been	largely	









eDNA	 in	understanding	 landscape‐level	 ecological	 processes	 (e.g.,	
occupancy,	distribution),	 it	 is	 important	 to	determine	 the	observa-
tion	processes	(i.e.,	detection	rates)	at	many	levels	(Willoughby	et	al.,	
2016)	 that	may	 influence	 the	 probability	 of	 detecting	DNA	 in	 the	
environment.	Once	cells	 are	 shed,	 abiotic	 and	biotic	 factors	begin	
to	degrade	DNA	(Barnes	&	Turner,	2016).	Previous	work	has	shown	































omy	 (Anderson,	 Slootmaker,	 Harper,	 Holderieath,	 &	 Shwiff,	 2016;	
Chavarria,	Lopez,	Bowser,	&	Silvy,	2007;	West,	Cooper,	&	Armstrong,	
2009).	Because	they	are	reliant	on	water	bodies	for	drinking	and	wal-








&	 Bryant,	 1988).	 Further,	 in	 areas	 without	 wild	 pigs,	 the	 ability	 to	
evaluate	reports	of	sightings	or	sign	 is	critical	 to	 implementation	of	
early	control	measures	that	could	curb	the	establishment	of	a	newly	
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invasive	population.	Environmental	DNA	is	a	promising	tool	to	aid	in	






sampling,	 the	 capture	 rate	 of	DNA	 in	 the	 extraction	 process,	 and	
the	 amplification	 probability	 during	 qPCR,	 (b)	 evaluate	 our	 ability	
to	correctly	assess	target	species	presence	at	sampling	sites	given	
our	 observation	process,	 and	 (c)	 develop	 an	 adaptive	 approach	 to	
eDNA	collection	and	analysis	to	balance	field	and	laboratory	effort	
for	efficiency.	By	accounting	for	multiple	levels	of	uncertainty	in	the	
observation	 process,	 we	 aim	 to	 improve	 estimation	 of	 ecological	









for	 to	 obtain	 unbiased	 estimates	 of	 species	 occupancy	 (MacKenzie	
et	al.,	2002).	However,	to	get	precise	estimates	of	detection	probabil-
ity	based	on	the	detection	method	alone,	we	can	reframe	the	prob-
lem	 to	 eliminate	 the	 “nuisance”	 parameter	 of	 occupancy	 probability	
(MacKenzie	et	al.,	2006)	by	sampling	 in	an	area	where	 the	presence	
of	the	species	is	known.	This	allows	for	the	assessment	of	factors	that	
might	 influence	detection	 such	as	 environmental	 (abiotic	 and	biotic)	
factors	or	laboratory	processes.
Our	study	was	conducted	at	Camp	Bullis	Training	Site	(112.9	km2),	













Remote	 cameras	 (Reconyx®	 PC900,	 Holmen,	 WI,	 USA)	 were	
mounted	on	trees	overlooking	the	focal	sampling	sites	(water	bodies)	
where	 obvious	 sign	 of	 animal	 visitation	 had	 occurred	 (e.g.,	 tracks,	
trails,	 or	 scat).	Cameras	were	mounted	≤10	m	 from	 the	water	 and	
were	programed	to	record	motion‐activated	images.	Upon	motion,	
the	 cameras	 took	 three	 photos	 that	were	 30	s	 apart,	 followed	 by	
a	quiet	period	of	15	min.	The	memory	cards	and	batteries	of	cam-
eras	were	 refreshed	 once	 per	month,	 and	 the	 camera	 positioning	
adjusted	depending	on	water	 level.	From	the	camera	 trap	data	 lo-
cated	at	each	water	body	at	the	time	of	sampling,	we	recorded:	the	
number	of	hours	since	the	last	pig	visit	to	the	water	body;	the	num-







Previous	 studies	 some	 of	 us	 developed	 (Williams,	 Huyvaert,	 &	
Piaggio,	 2016;	Williams,	 Huyvaert,	 Vercauteren,	 Davis,	 &	 Piaggio,	
2018;	Williams	et	al.,	2017)	a	method	for	detecting	pig	DNA	in	water.	
Typically,	wild	 pigs	 use	 smaller	 bodies	 of	water	 or	 edges	of	water	
F I G U R E  1  Map	of	study	area,	Camp	Bullis,	Texas.	Sampling	
locations	are	shown	as	colored	circles	(pond‐yellow,	stream‐green,	
and	wildlife	guzzler‐black)
10882  |     DAVIS et Al.
bodies.	The	activity	of	pigs	and	the	nature	of	the	water	bodies	they	
use	mean	 that	 the	 target	water	 bodies	 are	often	 very	 turbid	with	


















October	 2016).	We	 focused	 on	 this	 time	 period	 to	 avoid	 camera	


















by	 sampler	 with	 5	ml	 of	 Longmires	 buffer	 added)	 was	 collected	
during	each	sampling	session	at	each	site.	Gloves	were	worn	at	all	
times	while	sampling	and	were	changed	between	sites.	Collectors	
were	 instructed	not	 to	walk	 in	 the	water	body	 to	avoid	contam-
ination	between	sites.	Each	bottle	was	 labeled	with	a	unique	 ID	
relating	to	site,	field	replicate	number,	and	date	collected.	The	lo-
cality	 information,	 number	 of	 samples,	 type	 of	 water	 body	 (i.e.,	
wallow,	moving,	 artificial	 waterer/tank,	 other),	 approximation	 of	
size	 of	 water	 body	 (i.e.,	 small	 (<10	m2),	 medium	 (10–1,000	m2),	
large	(>1,000	m2)),	pH,	approximation	of	depth	where	the	sample	
was	collected	(cm),	if	it	was	collected	along	a	transect	or	randomly,	
and	whether	 there	was	 evidence	of	 pig	 activity	 in	 the	 area	 (i.e.,	
tracks,	rooting,	wallowing)	were	all	recorded	as	site‐level	charac-
teristics.	 Samples	 were	 stored	 in	 a	 box	 at	 ambient	 temperature	
until	being	shipped	to	the	United	State	Department	of	Agriculture	
(USDA)	 Animal	 and	 Plant	 Health	 Inspection	 Service	 (APHIS)	
National	Wildlife	Research	Center	 (NWRC)	within	a	week	of	col-
lection.	 Once	 received	 at	 NWRC,	 the	 samples	were	 placed	 in	 a	
−80°C	freezer	until	further	processing.
2.4 | eDNA capture, extraction, and amplification
We	 compared	 two	 strategies	 for	 our	 extraction	 and	 amplification	
procedures.	For	the	first	procedure,	we	followed	protocols	that	rec-




tails	 on	 inhibitor	 removal	 below).	 This	method	was	more	 efficient	
for	laboratory	work;	however,	it	produced	few	positive	water	sam-
ples	 despite	 camera	 data	 showing	 pigs	 at	 sampled	 water	 bodies.	
We	suspected	that	pooling	all	10	samples	from	each	site	diluted	the	
DNA	below	detectable	 levels.	 Therefore,	 for	 our	 second	 strategy,	
we	examined	the	10	samples	by	site	separately	and	conducted	two	



















(45	ml	 sample	 water	+	15	ml	 Longmires	=	60	ml).	 Therefore,	 30	ml	












ples	 (first	month	of	study:	 five	 replicates,	 second	and	 third	month	
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plate	 DNA.	 Amplificarions	 were	 performed	 on	 a	 Biorad	 real‐time	
PCR	thermocycler	(Biorad,	Hercules,	CA,	USA).	The	real‐time	ther-
mocycling	was	a	single	cycle	for	10	min	at	95°C,	then	50	cycles	of	
95°C	 for	 15	s,	 and	 a	 final	 extension	 of	 1	min	 at	 52°C.	A	 standard	







and	October	with	 three	 qPCR	 technical	 replicates	 per	 extraction.	
Further,	 each	 extraction,	 from	 both	 pooled	 and	 individual	 water	









elution	 of	 extract	 is	 used,	 we	 may	 not	 have	 transferred	 enough	







we	 adopted	 the	 multi‐scale	 occupancy	 framework	 developed	 by	
Nichols	et	al.	 (2008)	and	was	first	proposed	for	use	with	eDNA	by	
Schmidt	 et	al.	 (2013)	 to	 include	multiple	 levels	 in	 the	 observation	
process	to	the	classic	occupancy	model	(Figure	2;	MacKenzie	et	al.,	
2002,	2006).	When	using	eDNA	to	detect	a	species,	we	considered	
the	 following	 levels	 of	 the	 observation	 process	 (Figure	2):	 (a)	 the	




























at	 the	 levels	 of	 water	 samples,	 extractions,	 and	 qPCR	 replicates.	
Detection	 data	 include	 only	 detections	 (y	=	1)	 and	 non‐detections	
(y	=	0).	To	estimate	each	parameter	in	the	three	level	model,	we	need	




For	 the	 multi‐scale	 analysis,	 we	 examined	 the	 potential	 re-
lationship	 of	DNA	 availability	 and	 the	 pH	of	 the	water,	 the	water	























probability	 (δijkl);	 the	 species	 detection	 status	 is	 given	 by	wij.	We	













the	 field	 and	 laboratory.	We	 used	 estimates	 from	 the	multi‐scale	
occupancy	 analysis	 (where	 ψ	=	1).	 These	 provided	 us	 with	 realis-
tic	 estimates	 of	 the	 probability	 of	 detecting	wild	 pigs	 at	 different	





extractions/replicates,	n)	 for	 the	availability	of	DNA	by	sample	 (θ),	
































(5)pij=휃ij ∗ 훾ijk ∗훿ijkl
(6)x∗ =1− (1−x)n
(7)var(x∗)=n2(1−x)2∗(n−1)var(x)
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relationships	with	availability	of	DNA	and	qPCR	amplification	suc-
cess,	we	examined	all	additive	combinations	of	covariates	(including	
the	 inhibitor	 removal	 on	 capture	 rate	 and	pH,	month,	water	 body	
type,	water	depth,	pictures	of	pigs	per	month,	 average	group	 size	
per	picture,	 and	hours	 since	 last	 visit	 on	availability).	The	 cumula-
tive	covariate	weights,	covariate	weights	>0.5	were	considered	to	be	
important	(Doherty	et	al.,	2012).	When	model	uncertainty	(multiple	
models	within	2	ΔAICc	of	 the	 top	model)	 existed,	we	used	model	
averaging	 to	 estimate	occupancy	 and	detection	 rates	 (Burnham	&	
Anderson,	2002).
3  | RESULTS
In	month	 one,	 one	 stream	 site	was	 dry	 and	was	 not	 sampled.	 All	
sites	 were	 sampled	 in	 month	 two.	 During	 the	 study,	 there	 were	
12,842	photographs	taken	from	the	12	cameras	(one	at	each	site).	
There	were	1,003	photographs	of	wild	pigs	(264	at	pond	sites,	428	








Appendix	 S3).	 September	 had	 a	 higher	 availability	 of	 DNA	 than	
October	(β	=	1.31,	SE	=	0.05;	Figure	4).	The	availability	of	DNA	was	
higher	in	sites	with	pH	values	closer	to	7	than	8	(β	=	−1.65,	SE	=	0.52;	
Figure	4).	 The	 average	 pH	 value	 in	 our	 study	 was	 7.6	 (SD	=	0.47;	
Supporting	 Information	 Appendix	 S2).	 DNA	 availability	 tended	 to	
be	 higher	 for	 stream	 samples	 than	 for	 ponds	 or	 wildlife	 guzzlers,	
however,	the	95%	confidence	 intervals	overlapped	(βguzzler	=	−1.18,	
SE	=	0.60;	βpond	=	−1.34,	SE	=	0.55;	Figure	4).	We	examined	a	 linear	




Sample	 depths	 averaged	8.6	cm	 (SD	=	2.8,	 Supporting	 Information	








to	DNA	availability	 (β	=	0.09,	SE	=	0.03;	Table	1)	 and	was	 substan-
tially	higher	when	more	photographs	with	wild	pigs	were	observed	








F I G U R E  3  Example	images	of	wild	pigs	at	pond	sites	(a),	stream	
sites	(b),	and	wildlife	guzzler	sites	(c).	Images	are	from	camera	traps	
located	at	eDNA	collection	sites	on	Camp	Bullis,	TX
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The	 impact	 of	 the	 inhibitor	 removal	 treatment	 did	 not	 have	 a	
substantial	effect	on	capture	rate	by	extraction	(β =	−0.16	SE 0.34). 
The	estimated	capture	rate	without	treatment	was	0.49	 (SE	0.07),	
whereas	 the	 estimated	 capture	 rate	with	 treatment	was	 0.43	 (SE 
0.07).	However,	there	were	several	 instances	where	wild	pig	DNA	
was	 only	 captured	 without	 the	 inhibitor	 removal	 treatment	 and	
several	instances	where	wild	pig	DNA	was	only	captured	from	ex-











covariates	on	detection	 (p)	 to	 estimate	overall	 occupancy	 (exclud-
ing	camera	data	as	they	would	not	be	present	in	a	true	field	study).	





















































F I G U R E  5  The	relationship	between	DNA	availability	and	the	
number	of	pictures	with	pigs	in	the	month	prior	to	sampling	and	the	
DNA	availability	with	95%	confidence	intervals













showed	 a	 substantial	 improvement	 on	DNA	 capture	 rates	 (Figure	7)	
requiring	only	two	extractions	to	achieve	90%	cumulative	probability	











cesses	 that	 span	 multiple	 levels	 of	 uncertainty	 (e.g.,	 non‐invasive	




inference	of	 ecological	 processes	 but	 also	provided	 a	 platform	 for	
planning	 sampling	 adaptively,	 in	 a	 way	 that	 minimizes	 laboratory	
costs	and	time	while	maximizing	species	detection	probability.
We	expected	 differences	 in	 detection	 probabilities	 of	wild	 pig	
eDNA	(p)	among	water	body	types	due	to	variations	 in	pig	behav-


















The	 probability	 of	 availability	 of	 DNA	 was	 highest	 in	 September	
when	temperatures	in	the	area	were	higher	with	less	rainfall	(water	
was	 scarcer)	 than	 in	October	when	detection	 rates	were	 lower.	 If	
sampling	were	conducted	during	cooler	 times	of	year,	when	 there	
is	more	standing	water,	the	detection	rates	would	likely	have	been	
lower	 than	we	 observed.	 Lower	 detection	 rates	would	mean	 that	
more	field	samples	would	need	to	be	collected,	and	thus	when	de-























tion	processes	using	 this	method.	Thus,	 if	 pH	 is	 not	 appropriately	























detection	 probability	may	 be	 lower	 than	 calculated	 in	 this	 study	
when	 implemented	 for	 detections	 of	wild	 pigs	 in	 newly	 invaded	
areas	 or	 areas	where	 control	 has	 reduced	 the	 population	 to	 low	
densities.	Therefore,	larger	number	of	samples	should	be	taken	in	











positive	 as	 a	 detection	 (assuming	no	 false	 positives).	 This	 is	 a	 risk	
if	 the	 specificity	 of	 our	 test	 has	 the	 possibility	 for	 false	 positives.	
We	tested	for	false	positives	due	to	cross‐reactivity	and	found	high	
specificity	 in	 our	 assay	 for	wild	 pigs	 (Williams	 et	al.,	 2017).	 Issues	
with	specificity	would	lead	to	incorrectly	declaring	species	present	







We	were	 particularly	 focused	 on	 the	 issues	 of	 false	 negatives	
(which	may	be	very	costly	in	our	case),	and	we	were	confident	that	
false	positives	were	not	an	 issue	 in	our	 study.	However,	 there	are	
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some	cases	where	the	cost	of	responding	to	a	new	invasion	may	be	
considerable	 and	 thus	 there	would	be	 substantial	 concern	 for	 de-





clear	 violation	 of	 the	 occupancy	 assumptions	 (Mackenzie,	 2005).	
There	 are	 several	 advances	 to	 occupancy	 modeling	 that	 will	 ac-
commodate	false	positives	 (Miller	et	al.,	2011;	Royle	&	Link,	2006)	
and	 approaches	 that	 have	 been	 incorporated	 into	 eDNA	 analyses	
(Ficetola,	 Taberlet,	 &	 Coissac,	 2016;	 Lahoz‐Monfort,	 Guillera‐
Arroita,	&	Tingley,	2016).








only	 allows	 for	 pseudo‐replicates.	 Our	 results	 demonstrated	 that	
pooling	field	replicates	greatly	reduced	the	detection	probability	and	
thus	 added	 to	 the	variability	 in	observation	processes	when	com-
pared	 to	analyzing	 the	 replicate	 samples	 separately.	This	 suggests	
that	although	DNA	may	be	present	in	the	pooled	samples,	the	act	of	
pooling	may	increase	the	effect	of	dilution	(perhaps	requiring	extra	







Although	 keeping	 samples	 per	 site	 separate	 greatly	 increased	
our	 detection	 probability,	 it	 also	 greatly	 increased	 the	 laboratory	








violations	 of	 assumptions	 compared	 to	 a	 standard	 design.	 For	 ex-
ample,	 occupancy	 should	 be	 constant	 during	 the	 sample	 frame	 (if	
a	site	 is	occupied	it	should	be	occupied	during	the	entire	sampling	











Our	 field	 collection	 protocols	 were	 strategically	 designed	 to	
streamline	and	simplify	sampling	so	they	could	be	used	by	a	variety	
of	agencies	in	a	variety	of	field	conditions	(Williams	et	al.,	2016).	Our	
methods	 are	 species‐specific—we	 focused	 on	 small	 water	 bodies	
which	wild	pigs	are	likely	to	use	for	drinking	and	wallowing	to	opti-
mize	detection	of	this	terrestrial	species.	To	come	up	with	a	generic	
method	 to	sample	 these	small,	 turbid	water	bodies,	we	needed	 to	
use	smaller	water	samples	than	are	often	used	for	detecting	aquatic	










The	 field	 costs	 to	 collect	 additional	 samples	 may	 be	 low,	 but	
processing	those	samples	in	the	laboratory	is	not.	The	removal	ap-






















approach	 is	 also	 advantageous	 as	 collecting	 field	 samples	 are	 rel-




tection	 probability	 given	 the	 number	 of	 samples	 analyzed	 through	























is	 the	number	of	extractions	 that	 is	 important	 and	not	 the	 inhibitor	
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